the transport site, and the DNA transport apparatus (formed by the Mpf proteins) transfers the T-strand to the recipient cell.
Plasmid R388 has the shortest known mobilization region (5) . Only three plasmid encoded proteins, TrwA, TrwB, and TrwC, together with oriT, are involved in R388 mobilization (6) . TrwC acts as a relaxase as well as a helicase, and both activities are involved in oriT cleavage and unwinding of R388 T-strand (7, 8) . The relaxase activity is localized in the 350 N-terminal amino acids of TrwC, while the DNA helicase activity is localized in the C-terminal domain of the protein (9) . TrwA is a small, tetrameric protein with a dual role in conjugation. By its binding to two sites at R388 plasmid oriT, TrwA enhances TrwC relaxase activity while repressing transcription of the trwABC operon (10) . R388 relaxosome is composed of TrwA and TrwC bound to oriT DNA together with the host protein IHF. The latter inhibits TrwC nic cleavage by affecting the topology of the DNA site where TrwC has to act. By so doing, it is thought to modulate R388 conjugation (11) . The third plasmid-encoded protein necessary for R388 conjugative DNA processing is TrwB. TrwB sequence analysis predicts an integral membrane protein containing the characteristic NTPbinding motifs and belonging to the TraG protein family (6) . Further genetic studies have shown that TraG could substitute for TrwB in mobilization of ColE1 and RSF1010 plasmids by R388 but not in self-transfer of R388 (12) . Other experiments demonstrated that TrwB interacts specifically with both the relaxosome and the DNA transport complex and that the frequency of mobilization should be the result of the combined interactions of TrwB, the relaxosome, and the DNA transport complex (13, 14) . Thus, we were interested in the molecular mechanism that allows TrwB protein to couple the relaxosome to the DNA transport complex. When the amino acid sequence of TraD, the TraG homologue of plasmid F, is compared with TrwB, it shows a C-terminal extension that adds specificity and efficiency to F plasmid transfer (15) . Protein TraD is up to now the only TraG-like protein purified and subjected to biochemical analysis. Its binding to a DNA-linked agarose column suggested interactions between TraD and DNA, although this suggestion could not be substantiated by experimental evidence (16) . In vitro assays show that TraD binds to protein TraM; thus, TraD is suggested to interact with the relaxosome via TraM (17) . The poverty of in vitro results obtained with TraG-like proteins could be a reflection of the difficulty in handling integral membrane proteins for biochemical analysis. In order to solve this problem, we have designed a TrwB derivative only containing its cytoplasmic domain, by deletion of the 70-amino acid N-terminal fragment that contains the two predicted transmembrane ␣-helices (6) . We analyze in this article the ATP and DNA binding properties of TrwB⌬N70. Our prediction that the soluble domain of TrwB would interact with the relaxosome has been fulfilled by demonstration of enhanced nic cleavage in the presence of TrwB⌬N70. The ATP binding activity is essential for transfer but not for DNA binding or other transactions with the relaxosome.
EXPERIMENTAL PROCEDURES
Bacterial Strains and Plasmids-Escherichia coli K12 strains used were BL21::DE3 (F Ϫ , ompT hsdS gal(::DE3)) (18), DH5␣ (F Ϫ , endA1 recA1 gyrA96 thi-1 hsdR17 supE44 relA1 ⌬(argF Ϫ lacZYA) U169 80d lacZ⌬M15 gyrA96) (19) , and UB1637 (F Ϫ , lys his trp rpsL recA56) (20) . Plasmids used, as well as details about their construction, are listed in Table I .
Protein Purification-For protein TrwB⌬N70 purification, a fresh saturated culture of BL21::DE3 (pSU4637) was diluted 20-fold in 1 liter of YT medium (21) containing ampicillin (100 mg/liter) and incubated at 37°C with shaking until A 550 ϭ 0.6. Then isopropyl ␤-D-thiogalactopyranoside was added to a final concentration of 1 mM. After 4 h of further incubation, bacteria were harvested and resuspended in 20 ml of 10 mM EDTA, 10% (w/v) sucrose, 50 mM Tris-HCl (pH 7.6) buffer. Cells were frozen in dry ice/ethanol and thawed at 37°C. Lysozyme, benzamidine, and phenylmethylsulfonyl fluoride were added to 0.5 mg/ml, 2.5 mM, and 0.8 mM final concentration, respectively. After a 30-min incubation on ice, an equal volume of buffer A (1 mM dithiothreitol, 0.1 mM EDTA, 50 mM Tris-HCl, pH 7.5), supplemented with 0.5% (w/v) Triton X-100 and 1 M KCl, was added, and the lysate was centrifuged at 138,000 ϫ g for 30 min. The supernatant was diluted with buffer A to 0.15 M KCl final concentration and adsorbed to a 10-ml phosphocellulose P11 (Whatman) chromatographic column, equilibrated with buffer A and 0.15 M KCl. Bound proteins eluted in a 90-ml linear salt gradient (150 mM to 1 M KCl) in buffer A. TrwB⌬N70-containing fractions were pooled and diluted to 0.15 M KCl with buffer A (fraction I). Fraction I was loaded on a 5-ml HiTrap-Heparin (Amersham Pharmacia Biotech) column equilibrated with 0.15 M KCl in buffer A. Proteins eluted in a 20-ml linear gradient (150 mM to 1 M KCl) in buffer A. Pooled TrwB⌬N70-containing fractions were diluted to 0.15 M KCl with buffer A (fraction II). Fraction II was loaded on a 5-ml HiTrap-SP (Amersham Pharmacia Biotech) column equilibrated with 0.15 M KCl in buffer A. Proteins eluted in a 20-ml linear gradient (150 mM to 1 M KCl) in buffer A. TrwB⌬N70-containing fractions were pooled and concentrated in a Centricon 10 (Amicon) concentrator (fraction III). Finally, fraction III was loaded on a Superdex 75 HL 10/30 column (Amersham Pharmacia Biotech) equilibrated with buffer A plus 0.10 M KCl and eluted with 25 ml of the same buffer. TrwB⌬N70-containing fractions were pooled (fraction IV). Glycerol was added to a final concentration of 20%, and the protein was stored at Ϫ20°C. Final protein yield was 40 mg. The biochemical activities of TrwB⌬N70 reported in this work remained stable for at least 6 months. All purification steps were carried out at 4°C except HiTrap and gel filtration column chromatography, which were carried out at room temperature. Protein concentrations were determined by the method of Bradford (22) using the Bio-Rad protein assay kit and the calculated extinction coefficient of the native protein.
TrwB⌬N70 N-terminal amino acid sequence was determined by Edman degradation in a model 477A/120A sequencer (Applied Biosystems) at Centro Nacional de Biotecnología (Madrid, Spain).
Exactly the same procedure was used to purify the ATP-binding mutant TrwB(K136T)⌬N70, starting from a culture of strain BL21::DE3 (pSU4639). Protein TrwC was purified as described previously (7) .
Nucleotide Binding and Hydrolysis-The nucleotide binding properties of TrwB⌬N70 and TrwB(K136T)⌬N70 were studied using a fluorescent analogue of ATP, namely TNP-ATP 1 (Molecular Probes, Inc.) (23) . Experiments were performed at room temperature using a PerkinElmer MPF-66 spectrofluorometer, with spectral bandwidths of 5 and 10 nm for excitation and emission, respectively. Proteins were suspended in 50 mM Tris-HCl (pH 8.0). Measurements were corrected for wavelength dependence on the excitation light intensity by using rhodamine B in the reference channel. All spectra were corrected for buffer fluorescence and for dilution. When extrinsic fluorescence of TNP-ATP was studied, excitation was performed at 410 nm, and emission was scanned in the 470 -650-nm range. TNP-ATP binding was determined from the increase in fluorescence at 560 nm in the presence of the test protein.
ATP and GTP hydrolysis were analyzed by radioactive and by enzyme-coupled assays, as described previously (24) .
Genetic Techniques-Bacterial transformation with plasmid DNA was carried out by electroporation (25) . For conjugative mating experiments, donor and recipient strains were grown overnight in YT medium with appropriate antibiotics. Then 0.25 ml of donor culture were mixed with 0.25 ml of recipient culture, the mixture was briefly centrifuged, and concentrated bacteria were placed onto a GS Millipore filter (0.22-m pore size) on a prewarmed YT-agar plate for 1 h at 37°C. After this period, bacteria were washed from the filter, diluted in 2 ml of YT, and plated on selective media. Conjugation frequencies were expressed as the number of transconjugants/ml.
Sample Preparation for Transmission Electron Microscopy-Protein-DNA complexes were prepared by incubation of supercoiled (SC) oriTcontaining plasmid pSU1186 DNA with protein TrwB⌬N70 either in a pSU4623 was derived from plasmid pSU4622 by site-directed mutagenesis using oligonucleotide GATTTACCGGTACCAGT, and following the method of Inouye and Inouye (52) . This silent mutation (boldface type in the oligonucleotide sequence) resulted in the creation of a KpnI site (underlined) at nucleotides 398 -403 of the trwB gene (6) .
b pSU4632 was similarly derived from plasmid pSU4622 by site-directed mutagenesis using oligonucleotide GCAACACCGAGGTACCCGTACC. Here, mutation created a KpnI site (underlined) and produced a change of lysine 136 to threonine (K136T) in TrwB, by mutation at nucleotides 408 and 409 (boldface type) of the trwB gene.
c pSU4633 was similarly derived from plasmid pSU4623 by site-directed mutagenesis using oligonucleotide TGTTTGTCTGGCATATGAAT-AGCGTCG. The mutation (boldface type) resulted in the creation of a NdeI restriction site in trwB (underlined) at the C-terminal end of the second predicted transmembrane domain of TrwB (6) .
d pSU4637 was constructed by cloning the 1300-base pair NdeI-BamHI fragment of pSU4633, which carries trwB⌬N70, in the same sites of the pET3a cloning vector. This plasmid was used for overproduction of TrwB⌬N70.
e pSU4639 was constructed by in vitro replacement of the KpnI-BamHI fragment of pSU4637 by the same fragment from pSU4632. As a result, this plasmid is a point mutant of pSU4637 that overproduces TrwB(K136T)⌬N70.
the absence or in the presence of TrwC or ATP or both. Incubations were carried out at 37°C for 30 min in 100 mM KCl, 50 mM Tris-HCl (pH 7.5) buffer (supplemented with 10 mM MgCl 2 if 1 mM ATP was to be added). Samples were diluted to Ϸ0.5 g/ml DNA concentration and fixed by treatment with glutaraldehyde (0.05% final concentration) at 37°C for 30 min. After fixation, MgCl 2 (20 mM final concentration) was added to increase the efficiency of sample adsorption to the mica, and samples were thoroughly washed with Milli Q water. After ethanol dehydration and air drying, the mica-adsorbed samples were subjected to Pt/C shadowing in a Balzers 400T unit. Protein-DNA complexes were shadowed at a 4°angle with a platinum layer (7 nm thick) and further stabilized by a 10-nm-thick carbon layer evaporated on top, at 90°with respect to the plane of the sample. The replicas were then released from the mica and collected over grids to allow their visualization. Alternatively, samples of TrwB⌬N70 and TrwB⌬N70 with pSU1186 DNA were negatively stained with freshly prepared 2% uranyl acetate on thin carbon-coated collodion grids. All samples were observed in a JEOL 1200 EX-II electron microscope operated at 100 kV. Electron micrographs were recorded on Eastman Kodak Co. SO-163 film.
Agarose Gel Shift Assays-TrwB⌬N70 (or TrwB(K136T)⌬N70) was added to reaction mixtures (20 l) containing 200 ng of SC pSU1186 plasmid DNA, 200 ng of SC pUC18 plasmid DNA, or 200 ng of ssM13 DNA in binding buffer (100 mM KCl, 0.1 mM EDTA, 20 mM Tris-HCl (pH 7.5)). Mixtures were incubated for 10 min at 37°C. Then 2 l of loading buffer (containing 20% sucrose and bromphenol blue) were added to each sample. Reaction mixtures were applied to 0.7% (w/v) agarose gels stained with 0.5 g/ml ethidium bromide and electrophoresed in TB buffer. After 1 h at 100 V, bands were visualized using the Gel Doc 1000 system and Molecular Analyst software (Bio-Rad).
Supercoiled DNA Cleavage Assay-Reaction mixtures (20 l) contained 200 ng of SC pSU1186 plasmid DNA in 20 mM Tris-HCl (pH 7.5), 5 mM MgCl 2 , 5 mM NaCl, 0.1 mM EDTA, and 50 g/ml bovine serum albumin. After a 10-min preincubation with increasing amounts of TrwB⌬N70 or TrwB(K136T)⌬N70, TrwC (1 M) was added, and the mixtures were incubated for a further 15 min at 37°C. Then 0.5 mg/ml proteinase K (Roche Molecular Biochemicals) was added, and samples were digested for 15 min at 37°C in reaction buffer supplemented with 0.5% (w/v) SDS. Reaction mixtures were applied to 0.7% (w/v) agarose gels containing 0.5 g/ml ethidium bromide and electrophoresed in TB buffer. Cleavage product quantification was carried out after irradiation of the agarose gel with 254-nm UV light to ensure that all DNA species were nicked and intercalated similar amounts of ethidium bromide (26) .
Topoisomerase I Relaxation Assay-1.2 units of calf thymus topoisomerase I (Life Technologies, Inc.) were assayed for relaxation activity in 20 l of 10 mM MgCl 2 , 100 mM NaCl, 1 mM dithiothreitol, 50 mM Tris-HCl (pH 7.5) buffer with 200 ng of negatively SC pSU1186 plasmid DNA. After a 10-min preincubation of the DNA with or without TrwB⌬N70, topoisomerase I was added, and incubation continued for 10 min at 37°C. Reaction mixtures were deproteinized by digestion with 0.5 mg/ml proteinase K (Roche Molecular Biochemicals) in 0.5% (w/v) SDS for 15 min at 37°C. Reaction mixtures were applied to 0.7% (w/v) agarose gels containing or not containing chloroquine (2.5 g/ml) and electrophoresed in TB buffer for 1 h at 120 V. After electrophoresis, gels were visualized using the Gel Doc 1000 system and Molecular Analyst software (Bio-Rad). Gels without chloroquine were stained with 0.5 g/ml ethidium bromide before visualization.
RESULTS
Purification of Protein TrwB⌬N70 -TrwB⌬N70 was purified from E. coli strain BL21::DE3 (pSU4637). Upon induction with isopropyl ␤-D-thiogalactopyranoside, the strain overproduced TrwB⌬N70 as a soluble protein that could be purified after sequential P11 phosphocellulose affinity, HiTrap-heparin affinity, HiTrap-SP ion exchange, and gel filtration column chromatography steps. Gel filtration chromatography resulted in the elution of TrwB⌬N70 as a single symmetric peak at the position expected for a globular protein of about 15 kDa. This retarded elution may be due to the interaction of TrwB⌬N70 with the gel matrix and was not analyzed further. The purification scheme is described under "Experimental Procedures" and summarized in Fig. 1 . The N-terminal amino acid sequence of purified TrwB⌬N70 was determined to be NH 2 -Met-Asn-SerVal-Gly-Gln-Gly-Glu-Phe-Gly, as expected from the DNA sequence of the constructed plasmid. Matrix-assisted laser desorption-ionization time of flight mass spectrometry determined the molecular mass of the protein to be 48,620.5 Da, in accordance with the molecular mass of the predicted 437-amino acid sequence (48,621.5 Da). The extinction coefficient of the denatured TrwB⌬N70 protein in 6 M guanidine-HCl was calculated to be ⑀ 280 ϭ 55,760 M Ϫ1 cm Ϫ1 . From the absorption spectrum of the denatured protein, the concentration of our protein sample was calculated, and from it the extinction coefficient of the native protein was determined to be ⑀ 280 ϭ 128,580 M Ϫ1 cm
Ϫ1
(as described in Ref. 27 ). Thus, the extinction coefficients of the native and denatured protein are clearly different. It is known that extinction coefficient increases when Trp, Tyr, Phe, or His amino acids are transferred to a less polar environment. Changes in amino acid polarity are often due to oligomermonomer transitions in proteins. TrwB⌬N70 multimerization was most clearly shown by electron microscopy of negatively stained specimens ( Fig. 2A) . Electron micrographs of TrwB⌬N70 revealed the presence of large, round particles, 25 nm in diameter, compatible with extensive but regular multimerization of the native protein. The size of the regular aggregates (see Fig. 2B ) suggested a large degree of multimerization (probably more than 20 TrwB⌬N70 monomers if a globular diameter of 5 nm is assumed for a 48-kDa protein monomer). However, attempts to process the round images shown in Fig.  2B by averaging techniques were unsuccessful, due to the inherent bad staining properties of the multimer. Since the protein was most probably eluted as a monomer from gel filtration chromatography, TrwB⌬N70 oligomerized either upon the addition of glycerol to stabilized it, upon storage, or during negative staining. used to characterize the ATP binding of a number of proteins, mainly ATP hydrolases (28 -32) . Fig. 3 shows the increase in fluorescence intensity of TNP-ATP in the presence of TrwB⌬N70 (spectrum 3). Binding of TNP-ATP was ATP-specific, since it could be dislodged from its binding site(s) by adding excess ATP (Fig. 3, spectrum 4) . The spectra shown in Fig. 3 remained invariant with time for at least 20 min, indicative of a rapid attainment of the binding equilibrium.
Nucleotide Binding to TrwB⌬N70 -Protein
When TrwB⌬N70 binding to TNP-ATP was titrated with increasing concentrations of TNP-ATP, saturation was observed (Fig. 4) . The experimental points, corresponding to differences in fluorescence intensity between the bound and the free probe, could be fitted to a Michaelian curve with a K s ϭ 8.7 M, as shown in Fig. 4A . This value can be interpreted as the dissociation constant of the protein-nucleotide complex. Thus, TrwB⌬N70 bound TNP-ATP with much higher affinity (2-3 orders of magnitude) than usual ATP binding values for ATPases. Nevertheless, high affinity binding of TNP-ATP has been observed in all cases in which this analogue has been used (e.g. Refs. 28 and 31), and it is probably due to hydrophobic interactions between the TNP moiety and protein regions near the ATP binding site(s).
Dupont et al. (28) analyzed the binding data of TNP-ATP to sarcoplasmic reticulum ATPase using an equation described by Gutfreund (33) that relates the fractional saturation R (equivalent to the ⌬F/F max ratio) and the total concentration of substrate as follows.
The equation holds for the case of a substrate binding to a single class of sites. In this case, the slope provides an estimate of the dissociation constant K d of the protein-(TNP-ATP) complex, while the intersection with the x axis gives , the concentration of binding sites. As shown in ATP and GTP hydrolysis were also checked for the purified TrwB⌬N70 protein in the presence of Mg 2ϩ . Neither the radioactive assay nor the enzyme-coupled assay revealed any significant hydrolase activity. The same experiments were also performed in the presence of ssDNA, oriT-containing doublestranded DNA, and/or TrwA with identical negative results. Protein TrwD, a weak ATPase that we characterized previously (24) , was used as a positive control in these experiments.
TrwB-ATP Binding Is Necessary for R388
Conjugation-In order to analyze the in vivo effect of ATP binding to TrwB and its role in R388 conjugation, we analyzed the effect of a sitedirected mutation that abolished TrwB ATP binding activity. A K136T mutation in trwB was constructed (plasmid pSU4632). Its ability to complement conjugation of a Tn5tac1 insertion in the trwB gene of plasmid R388 (pSU1456) was compared with that of a plasmid containing the wild type trwB gene (pSU4622). Results are shown in Table II . Without a functional trwB gene, there was no conjugation of plasmid pSU1456. Conjugation was restored when pSU1456 was complemented with a plasmid containing a functional trwB gene (pSU4622). Nevertheless, when plasmid pSU4632 (coding for the mutant protein TrwB(K136T)) was used as a complementing plasmid, conjugation was not restored. This result suggested that the ATP binding activity of TrwB is required for R388 conjugation. We then analyzed conjugation of plasmid R388 (which contains a functional trwB gene) in the presence of either wild type or mutant complementing TrwB proteins. While R388 conjugation was not affected by the presence of plasmid pSU4622 (producing TrwB), a 300-fold decrease in the frequency of R388 conjugation was observed when pSU4632 (producing TrwB(K136T)) was used as complementing plasmid. The latter result indicated that the mutant protein interfered with the function of wild type protein. A dominant negative phenotype is typical of proteins that act as multimers or form part of heteromultimeric complexes, and it was observed previously for protein TrwD (24) .
TrwB⌬N70 Binds DNA Nonspecifically-Genetic experiments indicated that TrwB should interact with R388 relaxosome (13) . This interaction was to be expected also in vitro with the purified cytoplasmic domain. The idea was tested by gel retardation experiments. Increasing amounts of purified TrwB⌬N70 protein were incubated with pSU1186 SC DNA (containing R388 oriT) in binding buffer. It could be observed that the electrophoretic mobility of the SC DNA band diminished in the presence of TrwB⌬N70. Increasing amounts of TrwB⌬N70 resulted in progressively retarded complexes (data not shown). DNA binding was not site-specific, since the same decrease in mobility was observed when SC pUC18 plasmid DNA, which does not contain R388 oriT, was used. Looking for some kind of binding specificity, we tested complex formation under various experimental conditions, e.g. in the presence of 1 mM ATP, after adding different amounts of TrwC protein and/or TrwA protein, etc. Results obtained (not shown) can be summarized as follows. TrwB⌬N70 formed complexes with SC pSU1186 DNA in the presence of ATP similar to those it formed in the absence of ATP. Protein TrwC also formed complexes with SC pSU1186 DNA, as already described (11), and those complexes were not significantly different in the presence of ATP. Complexes in the presence of both proteins, TrwC and TrwB⌬N70, were significantly more retarded than complexes with each protein alone, indicating that TrwC can still bind to oriT when TrwB⌬N70 is present. Finally, TrwB⌬N70 was also able to bind single-stranded DNA and linear double-stranded DNA, with roughly similar affinity as supercoiled doublestranded DNA. Since the ATP-binding mutant protein TrwB(K136T) was non functional in R388 conjugation as described above, the DNA binding activity of the purified mutant protein TrwB(K136T)⌬N70 was also checked. Results were very similar to those obtained with TrwB⌬N70, indicating that TrwB(K136T)⌬N70 bound all forms of DNA with similar affinity and cooperativity to those of TrwB⌬N70. Again in this case, TrwC could bind oriT in the presence of TrwB(K136T)⌬N70. A further proof for the existence of stable DNA-protein complexes was obtained by electron microscopic analysis of exactly the same binding reaction mixtures (data not shown). After Pt/C shadowing, plasmid pSU1186 DNA alone was seen as SC or open circular molecules under the electron microscopy. However, incubation of pSU1186 DNA with TrwB⌬N70 generated a population of DNA (25%) completely coated with protein. Since the same grids contained also about 75% of naked DNA molecules, data strongly suggest that TrwB⌬N70 binding to DNA was very cooperative.
Electron microscopy of negative staining samples provided interesting results. While naked DNA was barely visible by negative staining, thick aggregates and filaments were observed in the presence of TrwB⌬N70, confirming the presence of TrwB⌬N70-SC DNA complexes (Fig. 2C) . However, important differences are clearly seen between A and C of Fig. 2 . The rounded structures that TrwB⌬N70 multimers form in solution disappear when in the presence of DNA. Thus, these observations suggest that TrwB⌬N70 topology changes dramatically when it binds to SC DNA.
TrwB⌬N70 Enhances TrwC nic Cleavage Activity-Although both gel retardation and electron microscopy experiments described above suggested nonspecific DNA binding activity of TrwB⌬N70, we decided to check the effect of TrwB⌬N70 on the in vitro cleavage reaction catalyzed by TrwC. TrwC was able to cleave SC DNA containing oriT in the absence of additional proteins (8) , but the addition of TrwB⌬N70 significantly enhanced the cleavage reaction (Fig. 5) . The observed enhancement was proportional to the amount of TrwB⌬N70 added, from 1 to 14 M, and reached a plateau at about 30 M and 30% cleavage. The TrwC concentration used in this experiment was 0.05 M, a concentration at which there was no appreciable cleavage in the absence of TrwB⌬N70 protein (less than 2% of the DNA was specifically cleaved). As a control, TrwB⌬N70 alone at this concentration range did not detectably cleave pSU1186 DNA (not shown).
The cleavage observed in the presence of TrwB⌬N70 was TrwC-specific, since (i) it could be mapped, by primer extension, to the same nucleotide position as the nic site previously described (8) and (ii) the covalent complexes present in the nicked forms could be quantitatively precipitated by SDS-KCl as described (9), and recovery of the precipitated complexes showed also the same dependence on TrwB⌬N70 concentration. Essentially the same data shown in Fig. 5 were obtained when protein TrwB(K136T)⌬N70 was used instead of TrwB⌬N70, indicating that the ATP binding/hydrolyzing activity of TrwB⌬N70 is not required for enhancement of TrwC cleavage.
Bound TrwB⌬N70 Enhanced Topoisomerase I Activity-To find an explanation to the TrwB⌬N70-enhanced cleavage activity of TrwC, we hypothesized that extensive protein binding to DNA could alter the overall level of DNA supercoiling in a way that could help the local melting that is thought to be produced by TrwC, by analogy with other relaxases (34, 35) . To check this idea, we analyzed the topoisomerase I activity on SC DNA in the presence or absence of TrwB⌬N70 protein. As seen in Fig. 6 , when SC pSU1186 plasmid DNA was treated with 1.2 units of topoisomerase I, its relaxing activity increased in direct relation to the amount of TrwB⌬N70 added. 2.4 topoisomerase I units were needed to resolve different topoisomers in the absence of added TrwB⌬N70 (data not shown); besides, the addition of TrwB⌬N70 by itself did not alter the DNA topoisomer distribution under the same conditions (data not shown). The same enhancement in topoisomerase I activity by TrwB⌬N70 was observed when SC pUC18 plasmid DNA was used instead of pSU1186 or when the same experiments were repeated in the presence of ATP (data not shown). Besides, the same results were obtained with protein TrwB(K136T)⌬N70, indicating that the ATP binding/hydrolyzing activity of TrwB⌬N70 is not required for enhancement of topoisomerase I activity.
DISCUSSION
Relaxosome formation is the best known step in bacterial conjugation. It has been thoroughly studied for plasmids RP4 (4), F (34), RSF1010 (36), and R388 (11). However, steps downtream of relaxosome formation and nic cleavage are largely unexplored at the molecular level. The coupling protein has been involved in the connection between the relaxosome and the DNA transport complex (13, 14) . Thus, it seemed that a better characterization of the coupling protein could shed light on a number of aspects of the conjugation process, specifically on the fate of the relaxosome. With this perspective, we overproduced and purified a soluble fragment of protein TrwB, which we believed would contain a functional cytoplasmic domain. We found that TrwB⌬N70 was able to bind with high affinity a fluorescent ATP analogue (Figs. 3 and 4) , as expected from the NTP-binding signature in its amino acid sequence. Also, analysis of the mutant protein TrwB(K136T) suggested that ATP binding activity was essential for TrwB function in conjugation. Nevertheless, we failed to demonstrate ATPase activity in vitro using TrwB⌬N70, alone or in combination with other components of the relaxosome (SC oriT-containing DNA and or TrwA). It can be speculated that activation of TrwB ATPase activity will require the concourse of additional components of the conjugation machinery, possibly one or several components of the DNA transport complex. This is even more plausible if we consider that DNA binding and nic cleavage enhancement are not affected by the K136T mutation. Alternatively, it may be that TrwB function requires nucleotide binding but not its hydrolysis. This is the case for several ATP-binding proteins that are poor ATPases. Still another possibility is that some of the activities of TrwB may be affected by deletion of the N-terminal domain.
A second biochemical activity of TrwB⌬N70 was its ability to bind DNA in a cooperative but nonspecific manner, so that it coated DNA molecules completely (Fig. 2) . DNA binding occurred both with single-stranded and with double-stranded DNA. It is therefore conceivable that TrwB can coat the Tstrand before or during the process of it being transported by the DNA transport complex. Related to cooperative DNA binding was the fact that the regular, large, rounded multimers formed by TrwB⌬N70 in solution were dramatically altered in the presence of DNA. It is probable that the N-terminal domain of TrwB, which is responsible for its insertion in the bacterial membrane, will decisively affect the outcome of conjugative DNA transactions. The results presented here with TrwB⌬N70 suggest that, upon DNA binding, TrwB will undergo important conformational changes that its N-terminal membrane anchor could transmit to other membrane-bound components or to other associated structures, such as the DNA transport complex. Thus, purification of the complete protein and analysis of its interactions with membranes, can provide important data as to the function of TrwB.
One of the most exciting findings of this work was the en- hancement of TrwC cleavage by TrwB⌬N70 (Fig. 5) , probably as a consequence of its cooperative DNA binding activity. Extensive DNA binding may directly affect the topology of the free DNA, so that it becomes more negatively supercoiled, as found for many other DNA-binding proteins (37, 38) . If TrwB⌬N70 binding increased negative DNA supercoiling, TrwC cleavage would be enhanced by the easiness with which the DNA strands can be unwound. It has been shown that the topoisomerase I reaction is topology-dependent and is more efficient on SC than on relaxed DNA (39, 40) . Thus, we interpret the TrwB⌬N70-mediated enhancement in topoisomerase I activity as a consequence of a putative increased negative supercoiling induced by TrwB⌬N70 upon binding to DNA. In turn, supercoil enhancement would explain enhancement of TrwC cleavage.
In summary, when TrwB binds DNA, an important response is triggered at the relaxosome level; binding enhances TrwC cleavage, and thus relaxosome processing is favored. Moreover, at the membrane level, it is possible that the profound conformational changes in the protein that result from DNA binding may affect the local organization of other membrane proteins surrounding the TrwB anchor site. It is speculated that an ATP-dependent step should occur at this stage. The overall biochemical properties of TrwB underline its presumptive role as a coupling protein and are thus in accordance with its role as predicted from genetic experiments.
Finally, we will mention some interesting functional similarities between TrwB-like proteins and the SpoIIIE/FtsK protein superfamily. SpoIIIE is an essential sporulation protein in Bacillus subtilis. It is anchored in the membrane at the leading edge of the septum by means of its N-terminal transmembrane domain. Its cytoplasmic C-terminal domain can interact directly with the chromosomal DNA to effect DNA translocation. The annulus may be lined by several SpoIIIE proteins to provide a continuous ring through which the prespore chromosome would be translocated from the mother cell to the prespore (41) . The SpoIIIE protein family is related in amino acid sequence with the FtsK cell division protein family and with a family of conjugative proteins of Streptomyces (42) . Conjugation mediated by plasmids in Streptomyces is likely to be quite different from Gram-negative bacterial conjugation because, in Streptomyces, DNA is transferred as a double strand (43) . TrwB has the same molecular organization as proteins of the FtsK/ SpoIIIE superfamily (several N-terminal transmembrane segments and a cytoplasmic ATP-binding domain) and shares with them extensive sequence similarity around the ATP-binding Walker motifs, and results presented in this work suggest that it could share some identity in function too. We showed above that TrwB binds DNA and can induce relaxation and presumably initiate T-DNA processing. We appreciate an interesting analogy between this "trigger" function and the requirement for the cytoplasmic domain of FtsK to achieve resolution of chromosomal dimers during bacterial cell division (44) . FtsK very precisely times the moment in which XerCD recombinase separates the two daughter chromosomes by site-specific recombination. We suggest that TrwB could time in a very similar way the moment in which TrwC cleaves and starts T-DNA processing in the donor cell. Also, FtsK and SpoIIIE are supposed to perform an additional function as motors that drive DNA across the annulus during cell division or sporulation. TrwB could similarly be involved in DNA translocation through the transport pore. An old additional piece of data is in support of this speculation; spoIIIE mutations have been found that stop DNA-DNA transfer to the prespore, so that only part of the chromosome is introduced in it (45) . Similarly, it has been known for quite some time that TraD, the TraG-like protein of plasmid F, is required in a late step during transfer, since replacement DNA synthesis in the donor cell continues for some time in traD mutants (46) . The biochemical analysis of the conjugative coupling protein TrwB started in the present work opens ample research possibilities to unravel further steps in the up to now elusive mechanism of DNA transfer by conjugation.
